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PREFACE

Measurements of polarization mode dispersion (PMD) and nonlinear processes in optical fibers
are two of the major topics in this digest of papers presented at the ninth Symposium on Optical
Fiber Measurements, held October 1-3, 1996, at the laboratories of the National Institute of
Standards and T'echnology in Boulder, CO. Summaries of all the papers presented at the
Symposium—10 invited and 39 contributed—are included.

The statistical nature. of PMD complicates its measurement and makes verification of accuracy
difficult. This is reflected in the content of the papers, many of which focus on comparisons of
measurement techniques. In wavelength division multiplexed systems employing optical
amplification, high powers can lead to problems from nonlinear processes such as Brillouin
scattering and four-wave mixing. The importance of these issues is seen by the inclusion of
several papers regarding the measurement of nonlinear coefficients and effective area.

The Symposium continues to be a prime gathering place for specialists in the characterization of
optical fiber and related components. Strong international participation has been maintained, as
about two thirds of the papers in this digest originated outside of the United States.

G.W. Day

D.L. Franzen

P.A. Williams
Boulder, Colorado
QOctober 1996

Except where attributed to NIST authors, the content of individual scctions of this volumc has not been revicwed or cdited by the
National Institute of Standards and Technology. NIST therefore accepts no responsibility for comments or recommendations
therein. The mention of trade names in this volume is in no sense an endorsement or recommendation by the National Institute
-of Standards and Technology.
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Characterization of optical components for
D-WDM applications

J. Dupre
‘Hewlett-Packard Co.
Santa Rosa, CA

1 1ntroduction

Dense wavelength-division-multiplexed (D-WDM) transmission systems at 1550 nm
Jave become commonplace for increasing the capacity of point-to-point terrestrial links. In the
pear future, this technology will be employed as well for undersea systems [1]. In addition, the
all-optical network, providing flexible high capacity through wavelength routing, will soon be a
reality [2]: In both cases, the optical components utilized in these systems require more
sophisticated characterization than those intended for single channel applications. -Simply stated,
the wavelength dependencies of the optical parameters of the transmitter, amplifier, passive, and
receiver components, while only of secondary importance in single-channel applications, become
critical to the performance of D-WDM systems. The laser sources comprising- the WDM
transmitter must be selected and maintained precisely -to. the wavelengths required by the
particular channel plan. The passive components such as multiplexers, demultiplexers, isolators,
and couplers must have their parameters, including polarization dependence, measured versus
wavelength. The erbium-doped fiber amplifiers (EDFAs) must have their gain and noise figure
characterized for the multi-signal environment in which they are used because the spectral gain
dynamics can have a particularly adverse effect on system performance [3].

This paper addresses measurement issues on  wwo 1mportant components of D-WDM
systems: the demultiplexer and the EDFA.

2 Characterizing demultiplexers
Fig. 1 shows a simplified diagram of a D-WDM system for point-to-point transport. The
outputs -of N laser sources at the prescribed wavelengths are combined and applied to the

WDM Erbium doped fiber - _ - Pin
Transmitter :amplifiers Demuitiplexer Dandwidth..p
’ 1uB e e e

™

Channet N

Fig. 1. A D-WDM system for point to point transmission. Fig. 2. Some typical demultiplexer charateristics. In general,
i ) all parameters are a function of input state-of-polarization.



transmission fiber. EDFAs are typically used
in  booster, line, and  preamplifier
configurations. At the far end of the system,
the demultiplexer separates the N channels and
routes each one to an optical receiver. The
perfect demultiplexer would have a rectangular
bandpass at each channel just wide enough to
accommodate source laser drift, have minimal
insertion loss, high rejection of other channels,
and no polarization dependence. In practice,
these parameters must all be carefully
characterized as indicated in Fig. 2. There are
two basic setups that can be utilized to make
these measurements and each has particular
advantages. The first, as shown in Fig. 3(a), is
a narrow linewidth tunable laser in
combination with an optical power meter or
optical spectrum analyzer (OSA). The second,
Fig. 3(b), uses a source of broadband noisc
and an OSA. In both configurations, a
polarization controller is necessary to probe
the device with all states of polarization.
Which setup to use is determined by the
required amplitude and wavelength
measurement ranges, wavelength resolution,
and measurement speed. The tunable

polarization -
e e EEN povst et
controfter DUT - id .
Nx1
switch
polarizer -
broadband larization [~
noise P e |- ™ o0sA
source controller -
[N x1
switch

Fig. 3 Two alternative setups for measuring demultiplexers: (a)
narrow linewidth source and power meter or optical spectrum
analyzer (OSA) and (b) broadband noise source and OSA.
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Fig. 4. The spectral power density for three types of broadband

noise source. The edge-emitting LED and ASE sources have
sufficient power to adequately characterize demultiplexers.
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incremental wavelength linearity to about 0.001
nm. The measurement range is limited by the

tunable laser's spontaneous emission level and the E i
filter characteristics of the DUT. A narrow ¥
(1-nm) bandpass filter, for example, can be 'E
measured with 40-dB range while a band reject &°
filter would be limited to about 20-dB. Replacing £ °
the power meter with an OSA or adding a tunable 3"

filter on the source will increase the measurement
range significantly.

Measure

The key advantage of the second 1 o2 s
OSA Resolution BW, nm

alternative -- the broadband noise source and Fig. 6. Filter bandwidth measurement results using an
OSA -- is measurement speed which is EELED sourceand three settings of resolution bandwidth.
determined by the OSA's sweep speed. There are
several options for the broadband sources shown
in Fig. 4 [4]. An incandescent light bulb, while very broadband, does not have sufficient power
spectral density to measure the out-of-band characteristics of demultiplexer filters. An
edge-emitting LED (EELED) or the amplified spontaneous emission (ASE) from an EDFA with
no input signal can provide useful measurement range over the bandwidths required for
demultiplexer characterization. Fig. 5 shows the measurement range and resolution possible
from the alternative test setups. ‘The majority of D-WDM devices can take advantage of the
faster measurement time of broadband noise techniques while for very narrow filters (<0.2-nm
3-dB width) , a setup with a tunable laser is required.

The resolution of a filter measurement made with a broadband noise source and OSA is
limited by the OSA's resolution bandwidth. The actual measured result is the convolution of the .
OSA's filter characteristic with that of the DUT filter. To gauge the impact of this effect on the
measurement of a typical D-WDM filter, a measurement of a filter's -1, -3, -10, and -20 dB
bandwidths were made with three settings of the OSA's resolution bandwidth (Fig. 6). The
maximum bandwidth error was 8% when the OSA resolution bandwidth was set to about
one-half of the filter's 3-dB bandwidth. This error can be significantly reduced by measuring the
OSA's filter spectral shape with a narrow source and deconvolving it from the measured result.

3 Characterizing optical amplifiers

Measurements on EDFAs in compression are generally made with a single saturating
signal. Gain is simply the output signal power divided by the input signal power. Noise figure is
calculated from the amplified spontaneous emission (ASE) measured at the amplifier output
either at or near the signal wavelength. The signal wavelength is tuned across the band of
interest to obtain the noise figure and gain as a function of wavelength. This method is quite
adequate for single wavelength systems but, for WDM applications, the resulting gain and noise
figure results are not an accurate predictor of system performance. In multi-channel systems
(Fig. 7), all of the signals contribute to EDFA gain compression. Each signal amplitude affects



the pain at all wavelengths. That is, a change in the A, signal power causes a gain change not
- only at A, but also at A, through 2. Similarly, ASE changes at all wavelengths for a signal level
Lhun&c at any wavelength. The problem is compounded in the more common situation for
point-to-point transport in which there are multiple EDFAs or in a wavelength routing situation
where channels are added and dronned. Clearlv. characterization techniques are required that can

A ' A

Po,..Po,
A2

P' ) . ) . B
| |1 Pln ‘ Nase(}\.) . }\‘2 )
O J EDFA J O Dﬁg/ :

An

An

Figure 7. AnEDFA ina multi-signal environment. -

predict and assure system performance in spite of the complex gain dynamics in the EDFA.

There are two ways to approach this characterization. The most direct is to utilize a
multi-channel source setup with the exact wavelengths in a particular channel plan. Gain is
derived by measuring the signal power with the EDFA bypassed, then with the EDFA in place,
and carefully excluding the effect of source spontaneous emission and amplified spontaneous
emission. Multi-channel noise figures can be obtained by estimating the ASE at each channel -
wavelength by 1nterpolat1ng between channels and subtracting the effect for source noise. For
narrow channel spacings, this is difficult due to the OSA resolution. Alternatively, time-domain
extinction [5][6] that takes advantage of the slow t1me dynamics of the EDFA can be used to
estimate the ASE. The cumbersome feature of
this multiple source approach is that a large
number of lasers at specific wavelengths must
be assembled. If characterization is required
for multiple channel .plans (differing N\
wavelengths, number of channels, and channel \ ' Optical Spoctnum Ansiyzsr
spacings) then the setup needs to be :
reconfigured for each characterization.

Multi-y, Source

Combine

)

. gEos[0 | —
Another approach that takes advantage L >
of the largely homogeneous saturation : EDFA
property of the EDFA utilizes a reduced _ . v
number of saturating lasers and broadband Fig 8, The direct approach to multi-channel gain and-
small-signal probe to measure gain noise figure measurement.

continuously across a wavelength _rahge [6].



The concept of reducing the number of

saturating lasers is explained in Fig. 9. The

full complement of signals for the
multi-wavelength plan is divided into regions
(a). For each region, a single saturating source
replicates the saturating effect of all the
channels(b). The number of saturating sources
required depends upon the significance of
inhomogeneous effects, namely spectral hole
burning.  For erbium doping, at room
temperature, one laser can accurately replicate
multiple channels over about 15-nm of
spectral width.

optical spectrum

‘wavelength

a)

optical spectrum

wavelength

(®)

Fig. 9. A simplified test scheme results from replacing the n
D-WDM channels with a reduced number of sources and using
noise gain profile.

A setup for making gain measurements with a broadband noise probe, called noise gain
profile is shown in Fig. 10. An edge-emitting LED (EELED) is combined with a tunable laser
and applied to the test device. In order to obtain the value of the wavelength, A, and optical
power, P, of the single saturating laser that accurately replicates the saturation of a number of
channels, a recursive algorithm is used that sets the population inversion equal for the two cases
[7]. The algorithm makes an initial estimate of A, and P, and measures the noise gain at the

channel wavelengths.
convergence is achieved.

F
At = 3 ﬁ—‘ln

1
psat =
A-sa! G sat

Then, a new estimate is made using the following equations until

annGnH

where P, G.. , Asar are the power, gain, and wavelength
of the single input signal.

P,G ,P

n n

Tunable Laser

D

are the power, gain, and wavelength
of the n channel signals

Opticat Spectrum Analyzer

—_—

3dB

Edge Emitting LED Coupler

o)

o 4

[===Tm) ==3 ——
EEoH® In_:

Fig. 10. The noise gain profile technique is implemented with one
or more tunable lasers and an EELED probe.



An experiment was set up to compare gain measurements for a four channel system using

the direct method with four lasers of Fig. 8 and the noise gain profile method with a single
saturating source of Fig. 10 using the convergence algorithm described above. The results, as
shown in Fig. 11, agree to within 0.2 dB which is within the measurement uncertainty of the two

methods.
24f
Channel
22 F  noise gain profile \/ Cheonel
Q T 1549.7 nm
£ 20} 1553.0 nm
8 \ 1555.9 nm
18¢ \ 1558.2 nm
6 / ™\ ast= 558
1520 1530 1540 1550 1560 1570 1580
Wavelength, nm
Fig. 11. Comparison of direct gain measurement
and noise gain profile.
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INVITED PAPER
Design and measurement of optical fibre gratings

Raman Kashyap
BT Laboratories, Martlesham Heath, Ipswich IPS 7RE
United Kingdom
S Abstract

Optical fibre gratings for application in telecommunication are now routinely produced. Recent developments have
been in the area .of specialist -gratings for band-pass; -ultra-narrow-band filters with either excellent side mode
suppression or particular phase-characteristics, and also chirped gratings for dispersion management in optical fibre
transmission systems. This paper introduces some of these recent developments and address the problems associated
with design. fabrication and measurement of the transfer functions for specific applications.

Introduction: -
Fibre Bragg gratings were discovered by Ken Hill ef «/[1] in 1978 during (he course of experiments with a-line

narrowed argon-ion laser operating at 514 nm and a germania doped silica optical fibre. It was noticed that the
transmitted power continued to reduce with time and upon investigation it was realised that the power was being
reflected. The proposed reason for this phenomenon was the inscription of a refractive index Bragg grating within
the core of the fibre: The propagating wave interfered with - a counter-propagating wave due to a weak reflection
from the far end of the fibre to form a spatially periodic intensity pattern which modified the refractive index of the
core..As more light was reflected, so did the refractive index perturbation grow in concert, with nearly 100% of the
light being reflected after some minutes. This was the beginning of the field of photosensitive optical fibres. The
Bragg grating had the correct period for reflection at the wavelength of the inscribing wavelength only and was
restricted to the visible part of the spectrum. Research was slow to pick up in this field because of difficulties in
making measurements and the belief that there was something magical about the original fibre. Stone{2], however,
showed that most germania doped silica fibres demonstrated photosensitivity and following the mterestmg discovery
of second harmonic generation from germania doped silica ﬁbres[3] as well, worldwide activity in optical fibre
photosensitive behavior began.

The next major step was taken by Meltz et al[4], who demonstrated that by applying standard holographic
techniques with UV radiation at 248nm, the Bragg wavelength could be shifted to more useful longer wavelengths in
the near IR at 850nm. By a further modification, gratings at telecommunications wavelengths in the 1500nm
window were reported, opening the area of photosensitive optical fibre Bragg grating devices[5].

Optical Fibre Bragg Gratings:

Bragg reflection in awavegulde: .

Figure 1 shows a refractive index perturbation in a waveguide. A reflection occurs if the period of the perturbatlon is:

A =N 2n (1) .

where 7,4 is the effective index of the mode in the waveguide, 4 is the Bragg wavelength, and N is the order of the
interaction[6]. N is one for a first order interaction.

For synchronous coupling into the backward propagatmg radiation modes, satisfying the phase-matching condition,
Equation (1) alone, is not sufficient. The second important parameter for efficient interaction is the overlap integral
of the forward traveling gulded-mode with the backward wave and the perturbation profile. This may be.computed
from: simple integrals assuming a uniform mdex-pertuﬂ)anon across the core. For a guided wave reflection, the
overlap decreases with either inclination of the Bragg planes for shallow angles, or asymmetry of the perturbation
across the core. On the other hand, counter-propagating radiation mode coupling increases with either asymmetry or
inclination of the Bragg planes[7,8], also for shallow angles. Forward propagating radiation mode coupling requires
‘no asymmetry of the grating across the core; the mode only requires additional momentum equivalent to 21:An/2.
‘where An is the core-claddmg index dlﬁerence[9]
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Figure 1. Optical fibre with periodic refractive index modulation in core.

Methods of Fibre Grating Inscription:
Figure 2 shows one of the methods of inscribing Bragg gratings in an optical fibre. The interferometer is based
around a beam-splitter[4] or a phase-mask[10,11,12]. The latter is a phase relief grating made in UV-transmitting
silica which acts as a diffraction grating. In Figure 1, the phase-mask is used as a beam-splitter with two mirrors to
recombine the beams at the fibre. The advantage of the phase-mask is that it allows the easy replication of the Bragg
grating at the desired wavelength without re-course to the measurement of the mirror angles. The phase-mask may
be used in contact with the fibre[10], and the UV beam scanned along the phase-mask to write a long grating[13].
Variations have also been reported[5], including a method to project a inagnificd amplitude mask on the fibre to
write a higher order grating[14].
Another method writes the grating point by point[15]. In this scheme, the index modulation is induced by focusing a
UV laser spot at a point in the fibre and then moving the fibre by a period before the second point is written.
Although this method allows long gratings to be written, the positional control required for the integrity of first order
grating period, limits this technique to higher orders, or long period gratings[9].

UV Beam

L : }
ooog T [ [ Fhase mask

iffracti ’
Di “‘); orders Rotatable Mirrors

f————— N ——————  Fibre:

Figure 2. Interferometer used for inscription of gratings, with thc phasc-mask as a bcam splitter.

Simple Fibre Bragg Gratings:

A spatially uniform index modulation along the propagation direction produces a reflection spectrum shown in
Figure 3, with side-lobes which decrease with de-tuning from tlic Bragg wavelength. Basically, the optical fibre
Bragg grating is a reflecting band-stop filter. This fact alone limits the usefulness of the simple fibre grating as a
device. However, the technology of fibres and Bragg gratings are such that the quality of the perturbation may be
maintained over tens of thousands of periods, producing responses close to those theoretically predicted, so that it
has been possible to use the amplitude and phase characteristics of a single grating to shape the spectrum of a
pulse[16]. The side-lobes shown in Figure 3 are undesirable and may be modified by a number of apodisation
schemes[17,18,19]and will be discussed later in the article.

Method of Analysis:
Coupled mode theory[20] may be used to calculate the reflectivity of a uniform grating of length, L and dielectric

constant peak modulation of Ag as:
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is the coupling constant, and 2= [K (A / 2)2]/ is the de-tuning parameter, n, is the average fibre
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is the mismatch between the momentum of the mode and the index
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For the special case of zero mismatch, the reflectivity, R at the Bragg wavelength is

perturbation.
C))

R = tanh® (kL)
Bandwidth, Reflectivity and Modulation Index Relationships and Measurement:
The bandwidth and the reflectivity are the only parameters required to characterise a uniform grating. The
bandwidth of the grating which is defined as the difference in wavelengths between the first two minima (See Figure
©))

1/2

3) 1s given as .
A P
Ad= [:D)* +°]
gL
In making measurements or in the design of fibre gratings, the first parameter of interest is the required reflectivity
at the Bragg wavelength. Given this value, the argument of Equation (4) may be calculated. From Equation (5), the
length of the grating can be calculated for the required bandwidth. The modulation index is then calculated from



Equation (3), with An = Aa/ 2n,, . Measurement of a fibre Bragg grating requires a tunable laser or a broadband

ASE source, a circulator or coupler and a spectrum analyser. For long uniform gratings, or gratings of high
reflectivity (A < 0.2nm or R > 30dB), the transmission spectrum can be difficult to resolve, owing to the resolution
of the spectrum analyser, and require refined spectroscopic techniques for measurement[21].

Numerical Method of Analysis:

Gratings of a more complicated nature such as linearly, quadratically chirped or multiple section gratings can be
easily analysed by numerical schemes, for example by Rouard’s method[22]. This was first applied to optical multi-
layer waveguide problems by Weller-Borphy and Hall[23]. This matrix approach allows gratings of arbitrary periods
and refractive index modulation to be accurately modeled, and has been used successfully to analyse both linearly
and quadratically chirped gratings[19]. The grating is broken up into M sections, each of distinct constant period.
Each period is also sub-divided into sufficient sections to mimic the contour of the sinusoidal modulation. The total
response of the grating is then computed by summing the ficlds over the length of the M gratings. The flexibility of
this method makes it highly attractive and reasonably fast for purposes of modeling, producing excellent correlation
with experimental results.

Band-Pass Filters:

The reflection band-stop filter may be transformed interferometrically into a band-pass filter by using two identical
Bragg gratings located on output ports of a 50:50 fibre coupler, equidistant from the coupling region[24]. Balancing
of the interferometer can be performed using UV radiation and the photosensitivity of the core dopant in one arm of
the coupler. Figure 4 shows a schematic of this device.

ABregg
ﬁim_cmm\mmm——
M —

UV trimming

Figure 4. The fibre Bragg grating Michelson interferometer band-pass filter.

The important parameter for such a device is the de-tuning from zero-path length difference for identical unapodised
gratings. For a 45dB rejection of the peak, the paths need to be equalised to within ~0.002.4;,,,, [25].

Apodisation of fibre Gratings:

Apodisation reduces side-lobes of a uniform grating so that cross-talk can be reduced in fine grain WDM
channels[26]. There are several methods of apodising Bragg gratings. The choice of the type of Hanning function is
dependent on the application. However, a simple form of apodisation is the cosine apodisation, in which the
amplitude of the modulation index of the grating varies as a cosine function around the centre of the grating.
Apodisation requires the Bragg-wavelength to be kept a constant by varying the only the visibility of the fringes at
constant UV flux[17,18,19]. An easy and universal scheme for cosine envelope apodisation requires that the fibre be
stretched in opposite direction in a way that the edges of the grating experiences a half-period stretch, -while the
centre scc no change[19]. Periodic stretching while writing the grating automatically gives rise to a cosine envelope
of the visibility function, at constant flux. ’

Chirped Bragg Gratings:

Ouellette[27] proposed the use of chirped gratings for dispersion compensation. The principle of operation is simple:
the point of reflection varies linearly with wavelength, causing a propagation delay which is also a function of
wavelength. Since the propagation delay in a fibre is ~10ns/m in reflection, a compact device is possible; a 100mm
long grating with a chirp of 0.Inm is capable of compensating for dispersion of ~700km of standard
telecommunications fibre at a bit-rate of 10Gb/s[28]. However, dispersion compensation is in reflection, requiring a
circulator or a band-pass configuration for the grating to be used[29, 30]. _
The design of chirped gratings for dispersion compensation requires some form of apodisation[17] if the coherence-
length of the signal wavelength is a few percent of the length of the grating[19]. There are several methods of
fabricating a chirped grating. The simplest is to introduce a known strain profile along the length of the
grating[31,32], or to replicate a grating from a chirped phase-mask[33]. This method is by far the most reprodncible
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and mechanically robust method. The step-chirped phase-mask is designed to have n sections, each of a different but
constant period. A relatively few steps are needed for a grating of a given chirp bandwidth, Alch,.,p (in nm) and

length (in mm) to approximate to a continuously chirped grating[34]. The minimum bandwidth of each section may
be calculated as[34]

SA~12 % Ady, @)

Without apodisation, the reflection spectrum has steep sides and the delay characteristics display a periodic ripple
around an average linear slope; the calculated data of a near continuously chirped grating (200 sections) are shown
in Figure 5[19]. With a cosine apodisation envelope of the refractive index modulation, both the reflection and the
delay characteristics are smoothed, shown in Figure 6.
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Figures 5 & 6. Theoretical reflection and delay spectrum of 0.75nm bandwidth, 100mm long step-chirped
Bragg-grating without (Fig. 5) and with apodisation (Fig. 6).

The delay and reflection characteristics may be measured by using the scheme shown in Figure 7. A tunable
external-cavity laser is modulated by a external modulator and coupled to a circulator. The grating is spliced to the
second port of the circulator, while the reflected signal is detected by a photo-diode and compared with the
modulation signal using a vector-voltmeter. As the laser is tuned the reflected signal and delay can be measured
simultaneously. Low coherence reflectometry[35] may also be used to characterise the grating.

Circulator
Tunable Modulator Chirped Bragg Grating
Laser () s[[TTT T T 1
Photodiode
’! Vector-Voltmeter

[Signal Generator |

P

Figure 7. Measurement setup for delay and reflectivity measurement.

The paper will discuss some of the issues relating to the design, measurement and application of fibre Bragg
gratings.
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Chirp Determination of Fiber Bragg Gratings
-vith Interferometric Autocorrelation Measurements

M. Fuss, University of Kaiserslautern, Germany

Abstract: The possibility of in-fiber Bragg gratings characterization by analyzing of
the first and second order interferometric autocorrelation functions of ps-pulses from
a fiber laser and that ones reflected from the fiber grating has been investigated. The
initial pulses were almost unchirped but the reflected ones obtained a significantly
nonlinear phase shift induced by the fiber grating. Pulses nonlinear phase is
dependent on gratings chirp and can be evaluated by means of interferometric
autocorrelation measurements.

L. Introduction

In optical fiber transmission systems with high bit rates up to 10 Gbit/s and more dispersion has
to be compensated to minimize pulse broadening for error-free detection. Especially at 1.55um used
in already-installed fiber links the compensation of fibers chromatic dispersion is of great importance.
Several methods for achieving this are already known but linearly chirped fiber Bragg gratings are
a promising method due to their constant dispersion over a bandwidth, sufficient to support
ultrashort pulses [2][3][6][Y]. Otherwise chirped fiber gratings specified by customers can find
application as frequency selective components. Chirp determination with the heat-scan technique [7]
or by external Bragg reflection [4] have been investigated, however, they require special equipment.
If an interferometric autocorrelation measurement device for ultrashort optical pulses is available it
can be used for fiber grating characterization as well.

II. Experimental setup

A measurement configuration consisting of an opto-mechanical autocorrelation apparatus with
an electronic control unit and fringe-counting determination of displacement with digital data
acquisition was constructed [1]. The experimental setup of the autocorrelator is shown in Fig.1.

The light to be measured entered the autocorrelator in a fiber collimator and passed a Michelson-
interferometer with the moving retroreflector mounted on a translatory electrodynamic unit.

Two kinds of interferometric signals were measured simultaneously, with a photodetector (PD1)
the fundamental harmonic light interferogram S,(t) as field autocorrelation function G,(t) and with
a photomultiplier tube (PMT) the Frequency Resolved Second Harmonic Generation (FRSHG)
signal S,() containing the intensity autocorrelation G,(t), a portion F,(t) at light frequency and the
second harmonic light interferogram F,(t) at doubled frequency. As nonlinear medium a 3mm thick
LilO,-crystal was used. It was cut for the center wavelength of 1475nm in order to enable phase-
matching for 1550nm and 1300nm only by rotating a few degrees left or right on its axis.

To scan the signals with sufficient accuracy the linearly polarized light of a Helium-Neon-laser
was directed into the Michelson-interferometer likewise with changing the polarization circularly by
using a quarter wave plate. The two resulting orthogonally polarized interference signals dependent
on the movement of one retroreflector were separated with a polarization beamsplitter and detected
with two separated photodetectors. An electronic processing unit generated clock pulses for the
analogous/digital-converter each Y2-Ay=316,4nm displacement of the retroreflector.

13



PD1 1 ( FIBER COLLIMATOR

B —
BEAM-
qﬂ _SPLITTER /\
N \/
MOVING o
RETRO- FIXE
REFLECTOR N b 4 REFLECTOR
ELECTR
CONTROL |
UNIT

Fig. 1: Experimental setup of the collinear optical interferometric
autocorrelator with signal processing electronics

Designating pulse electric field as E(t)=E (t)e*' the measured autocorrelation signals S,(t) and
S,(t) can be written normalized as functions of the time delay T between the two beams in the
Michelson-interferometer:

+oo

€)) S, (x) = flE(t) +E(t+1)|* dt = 1 +Re[G (1) /7]

+oo

2) S, (1) = f [[EQ@) +Eq@+T)*|*dre<1+ 2G,(t) +4Re[F () €/°] + Re[Fy(7) e ¥

Pulse intensity and nonlinear phase particularly can be evaluated without equidistant scanning by
comparing autocorrelation traces with simulated ones assuming physically well founded intensity
profile and nonlinear phase behavior. A simulation program was developed executing this task.

The Fourier transforms of the two with interferometric accuracy digitized autocorrelation signals
can be calculated by using Fast Fourier Transformation (FFT). From S,(t) the spectrum |E(w)|? at
the fundamental frequency and from S,(t) the Fourier transforms |I(w)|? at zero frequency and
|U(w)] at the doubled frequency are deduced. Following relations are valid:

(3) Ew))?* = FG,a) )P = FGr)  |Uw)| = FER)

Another way of obtaining information about pulses intensity and phase is to reconstruct them
with an iterative loop algorithm using the three Fourier moduli above [5]. The main idea is to
approximate the electric field E(t) by replacing the Fourier moduli in frequency domain by calculated
ones and applying the relations I(t)=|E(t)|* and U(t)=E*(t) in time domain.

III. Method for chirp determination of fiber Bragg gratings

The two autocorrelation signals S,(t) and § (t) of 10ps absolutely unchirped pulses were
simulated with 1024 points each. In Fig.2 and Fig.3 the resulting traces are shown used as references
in comparison with those of the reflected pulses.

The axial distribution of the index modulation affecting an appropriate Bragg reflection condition
regarding wavelength causes different optical pathes for different frequencies if the reflected pulses
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are containing these optical
frequencies. Therefore the
measurement of  pulses
nonlinear phase  behavior
allows information about fiber
gratings chirp distribution.
o -50 40 -30 -20 -10 0 20 0 40 pr 0-50 40 -30 -20 -10 0 10 20 30 40 b Assuming as example a
Fig. 2: S,(7) of unchirped pulses Fig. 3: S,(%) of unchirped pulses linearly chirped fiber grating
’ extended in z-direction with the
length L and a Bragg wavelength distribution A(z/L) around the center wavelength A, as follows:

t z / z t
4 Al—) = A=) = + AA = = + AA —
@ (AT ) (L) B L B AT
AT stands for the difference in transit time and is equal to 2Ln.g /c. If the optical bandwidth AA of
the pulse signal is matched to the bandwidth of the fiber grating for a fiber length S the dispersion D
can be compensated with AT = DAAS. ,
Equation (5) for the pulses nonlinear phase ®(t) is hased on the linear chirp of formula (4):
t c AT AA ¢ ‘ cAA
5 H = —)dt = - In(l+=——) = @ () ~ ——
© 90 = [fgpd = GERA R = 00 = ZET

In accordance to this temporal nonlinear phase shift S,(t) and S,(t) result, shown in Fig.4 and Fig.5.
Comparing the simulated envelopes with the measured signals with attention to the number and

2 s shape of extrem values admits
sufficient conclusion to fiber
gratings chirp.

Parameters for the simulation
of S,(t) and S,(1):
Ag=1.55 um, AA=0.5 nm,

.56 40 30 -20 -0 W 20 36 40 Bt S0 40 -30 .20 -10 G 0 0 30 40 NL:lO mm, ncﬂ;l.s

Fig. 4: Simulation of S (1) Fig. S: Simulation of S,(t)

IV. Measurement results

First confirmation of the measurement principle above was carried out with an unchirped fiber
grating. First order autocorrelation function S,(t) of the unchirped fiber laser pulses is shown in
Fig 6. The laser signal had to be amplified strongly with an Erbium Doped Fiber Amplifier (EDFA)

“before entering the grating, resulted autocorrelation trace in Fig.7. Slight Self Phase Modulation
(SPM) causes the trace to appear little compressed. Due to the short pulse duration of
approximately Sps and gratings narrow bandwidth of about 0.1nm significant pulse broadening up
to a factor of 10 could be obtained. of both of gratings input and output pulses, shown in Fig.8.
Side maxima illustrate the initial SPM but the basic shape of the envelope has not changed. In this
case a further detailed analysis of the measurement results was not necessary.

In a next step a customer specified chirped fiber grating ordered by Deutsche Telekom AG is to
be characterized and the results will be presented at the conference.
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Fig. 6: S (1) of fiber laser pulses Fig. 7: §,(7) of fiber laser pulses, .- - Fig. 8: §,(t)of reflected pulses by the
' strongly amplified with EDFA fiber Bragg grating

V. Conclusions

An optical autocorrelator was developed for measuring both intensity and interferometric
autocorrelation functions to determine shape and nonlinear phase, especially, of ultrashort pulses. By
comparison or iterative processing of the autocorrelation data aquired with appropriate accuracy,
especially, pulses can be calculated sufficiently. The measurement procedure. is suited for
characterization of wavelength distribution in chirped fiber Bragg gratings. In the case of a linearly
chirped grating the two measurable autocorrelation signals were simulated and significant envelopes
of the traces resulted. An unchirped fiber grating was available up to now in experimental work. The
amplified but nearly unchirped pulses of a fiber laser were fed into the grating and the reflected ones
obtained broadening due to the small bandwidth of the grating but no. nonlinear phase change
occured..
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Optical Amplifier Characterization

F.W. Willems
Lucent Technologies
Network Systems Nederland
P.0O. Box 18, 1270 AA Huizen, The Netherlands

Abstract: We present an overview of black-box mea-
surement issues for optical amplifiers for analog and
multi-wavelength characterization. In addition, we
propose figures-of-merit for Erbium doped fibers used
for those applications.

1  Introduction

This paper is divided in two major parts, the first
one dealing with definitions and measurement meth-
ods for optical amplifiers treated as a black box, the
second one dealing with characterisation of the main
components in this black box: the Erbium doped
fiber.

2 Black-box characterization

2.1 Single wavelength “Digital” Am-
plifiers

For these “simple”amplifiers, measurement methods
exist for optical output power, gain, noise figure and
reflectance. Basically they can be devided into Op-
tical and Electrical methods. Typical examples for
both are the the noise figure measurement by polar-
ization nulling [1] using an Optical Spectrum Ana-
lyzer (OSA), and the one by RIN subtraction [2] for
the ESA method.

2.2 “Analog” Amplifiers

Non-linear distortion and in particular second order
distortion, is typically associated with amplifiers used
in analog CATYV systems. Several sources can be
identified for this second order distortion:

1. Signal induced carrier-density modulation [3,
4]. The gain of an optical amplifier will be mod-
ulated by the signal if the product of the carrier
lifetime 7. and the signal modulation angular
frequency of subcarrier 4, w;, is below a. certain
value, since the second order harmonic distor-
tion is given by Eq.(1).

2
P, 1
HDgm = | [iout 1
2 ( Poot 1+ (wn‘c)z ( )
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with m the optical modulation index per chai
nel, P,,; the optical amplifier’s output power
and Ps,; the optical amplifier’s saturation out-
put power. For an EDFA we have 7. = 10ms
and w; = 50 MHgz, and therefore w;7. = 5 -
10%, which leads to negligible contribution to
the second order distortion. However, note
that for a semiconductor amplifier, typically
7. = 300ps, leading to a value 0.015 for the
lifetime-frequency product, which is low enough
to cause a large amount of distortion. THe car-
rier lifetime of Praseodymium doped amplifiers
is around 300 ps which is also long enough to
avoid carrier-density modulation. Therefore it
is expected that for fiber amplifier modules, it
is not necessary to measure this effect.

. Interaction of transmitter wavelength chirp with

the gain-slope at the signal wavelength [5, 6]. A
gain profile around a saturating signal which is
not flat, converts the frequency shift by direct
modulation of a semiconductor laser to a spuri-
ous intensity modulation, causing second order
distortions that can calculated with equation

Eq.(2)

(2)

102 dG\?
Dgsl= mavA o
HD; <2o c ”"d,\)

with év, the frequency chirp amplitude in Hg,
and %%, the gain-slope of the EDFA at the sig-
nal wavelength. For directly modulated sys-
tems, the chirp amplitude can be calculated
with 8v, = mnpp (Tyias — Iix), with ngps the
FM-response of the laser diode, Ip;,s the bias
current and Iy, the laser threshold current.

This distortion source is always present in prin-
ciple.

. Interaction of transmitter wavelength chirp with

dispersion of the Dispersion Compensating Fi-
bre (DCF, if present) [7]. Optical frequency
chirp by direct modulation ot the laser current,
causes different propagation delays in a disper-
sive medium for different parts of the informa-
tion signal, resulting in a distorted rccciver in-
put signal. If an optical amplifier is equipped
with Dispersion Compensating Fibre (DCF), to



eosponnate [of the dispersion i the feeder sec-
tion b the network, the second order distortion
will b vepy huge, if no precautions are taken
1o "eompensate for the compensation”. The re-
silting second order distortion would be:

di ™ )\2 2
HDS — (57fd6uoDL) 3)
with f; the subcarrier frequency for which the
distortion is calculated, D the fibre dispersion,
and L the fiber length. If the dipsersion com-
pensator (DCF, chirped grating) is integrated
in the optical amplifier, large values for CSO
will result if no proper precautions are taken to
compensate the compensator.

. Interaction of Polarization-Mode-Dispersion
(PMD) and Polarization Dependent Loss
(PDL) {8]. Polarization modulation caused by
interaction of laser frequency chirp and PMD of
a section just in front of the optical amplifier, is
converted into intensity modulation if the am-
plifier cxhibits PDL. Sincc polarization mode
coupling is a time dependent phenomenon, the
distortion fluctuated in time an only the time
averaged second order distortion can be calcu-
lated:

2
3
HD = (,/%MAT < Ar >> (4) -

with AT the PDL, and < A7 > the PMD.
This effect can occur if an element that ex-
hibits PMD (e.g. the Erbium Doped Fiber or
the DCF) preceeds an element that has PDL
(e.g. a WDM or an isolator). A separate PMD
and PDL measurement might be needed to re-
solve this effect.

. Interaction of Self-Phase-Modulation induced
frequency chirp with dispersion of DCF (if
present) [7,9]. SPM results in a frequency chirp
that can interact with the fibre dispersion, re-
sulting in second order distortion. The distor-
tion is by

HDA(Z“SP —

v A N‘ 1
o RAAL 2D -
(2m P,fiD (L

C Aefy

Lo-een))

with Ny the fiber’s nonlinear index of refrac-
tion, A5y the effective core area, P, the av-
erage optical power entering the fiber, and «o
the loss of the fiber. If the optical amplifier
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contains dispersion compensating fibre at a lo-
cation such that high optical power is injected
in the DCF, SPM can cause frequency chirp
and the same situation as with chirp-dispersion
interaction exists. '

6. Coherent interference of multiple discrete re-
flections [10, 11]. Mixing of the signal with
a delayed fraction of itself, distorts the signal
and generates second and third order distor-
tions. The delayed fraction results from multi-
ple reflections (MPI). The second order distor-
tion magnitude is given by

2

R N

- J2(2) [ Jo(2)

i#j

with R.sr the effective reflection coefficient,
Jn, the n-th order Bessel function, and z =
25—}’_,"- sin(w;7/2), and 7 the cavity roundtrip
time. Occurence if more than one discrete op-
tical reflection exists, that have a distance less

than the coherence length of the transmitter
laser.

HDJ" = | 4 (6)

7. Stimulated Brillouin scattering induced inten-
sity modulation [12] No simple equation to
calculate this distortion exists. Occurence:The
linewidth of the transmitter is not well above
the SBS linewidth; DCF is used inside the op-
tical amplifier.

Most of the distortion mechanisms described above
can not be solely attributed to the optical amplifier,
but arise in conjunction with non-idealities from else-
where in the system. Ideally an OFA parameter can
be measured without having to.do a system measure-
ment. Currently, it seems that the only candidate for
system independent measurement is the gain slope:
Definition: We define the gain-slope under single
wnvelength operation as, “in the presence of a sig-
nal at given wavelength and optical input power, the
derivative of the gain of a small probe, versus the
wavelength; at the signal wavelength”. The probe
total time averaged power shall be at least 30 dB be-
low the input signal level, to minimize the gain at the
signal wavelength.

5
£)3 “WDM” Amplifiers

The field of application of optical amplifiers in multi-
wavelength system is becoming larger every day, as is
the growth in terminology that is used to address typ-
ical WDM parameters. We will therefore first present
a set of definitions that follow the, still continuing
discussion, within IEC.



2.3.1 Definitions

o Multi-channel gain: The gain for each channel
of a multi-channnel input spectrum for a given
input power configuration, expressed in dB.

o Multi-channel gain flatness: The maximum
channel gain deviation over specified range of
channel input power combinations.

o Gain cross saturation: The change in gain of
one channel due to a given input signal change
on any of the other channels for given input
power combinations, expressed in dB/dB.

e Gain tilt the ration of gain change at any chan-
nel to the gain change at a selected reference
channel due to a change of input condition, ex-
pressed in dB/dB.

s Channel addition/removel response: the maxi-
mum change in any remaining channel’s output
power following the addition/removel of input

channel(s) after a specified time, expressed in
dB. »

o Channel noise figure: For each optical channel,
the increase in signal-to-noise ratio at the out-
put of an optical detector with unity quantum
efficiency that follows an ideal (zero insertion
loss) demultiplexer due to the propagation of a
shot noise limited signal, expressed in dB. It is
assumed that all signals are applied at individ-
ually specified power levels.

o Channel signal-spontaneous noise : Same as
the previous definition, but only includes the
signal-spontaneous beat-noise contribution to
channel noise figure, expressed in dB.

2.3.2 Measurement Methods

Within IEC, no measurement methods for multi-
wavelength application have been defined yet. How-
ever the most logical way to analyze WDM behavior
of an optical amplifier is to subject the amplifier to
the complete wavelength packet and to measure the
gain and noise figurc at cach individual wavelength
with one of the methods described above. From a
practical point of view this has the disadvantage that
multiwavelength transmitter, or at least a number of
tunable DFB lasers must be available, which is very
costly.

Considering that the spectral gain behaviour in a ho-
mogeneously broadened medium is determined solely
by the average Erbium ion inversion, one can tr~
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to simulate the amplifier’s response on a multi-

‘wavelength signal, with a single wavelength that gen-

erates the same inversion level. The gain spectrum
of a broadband light source consequently gives the
multi wavelength gain spectrum [13].

It has been shown, however, that even at room tem-
perature spectral hole burning can occur [14]. In this
case the method above can not be used. However,
currently it seems that errors in a measurement that
uses the noise gain profile method for an amplifier
that exhibits room temperature spectral hole burn-
ing, do not exceed 0.2 dB.

3 Erbium Doped Fiber Char-
acterization

3.1 FOM for analog applications

The CSO (Composite Second Order) distortion
caused by the interaction of laser chirp and gain-slope
of an EDFA is given by the product of the number of
distortion products that generate second order distor-
tions, Noso (determined by frequency channel allo-
cation for a particular CATV system), and harmonic
distortion from one of those products. We found, us-
ing Giles modeling [15], that the total second order
harmonic distortion caused by gain-slope is given by

CS8O0ysi,edfa = Neso -(7)

(0 P52+ 255

with 3 the laser chirp in Hz/mA, L the fibre length,
« the absorption in Np/m, v the optical frequency,
g* the stimulated emission in Np/m and 73(z) the
averaged (time and location z) Erbium ion inversion
level. This equation tells us that the distortion can be
minimized by three parameters: the Erbium doped
fiber length, the average inversion, and the emission
and absorption profiles. These parameters also deter-
mine the noise figure and output power, and there-
fore a balance must be found between them to make
the EDFA fulfill the specification. Note that the har-
monic distortion vanishes if we zero the term between
square brackets in eq.8, i.e. if

o) (L
v E(Z_)

Therefore, each wavelength requires its particular in-
version to have zero gain-slope. This inversion is
given by:

da(v)
v

(8)

dg* (A
(lu

ng(z) =

= )
1+



For the best LOFA EDF, 7i(A)p2=0 does not depend
on wavelength and is as small as possible in the analog
wavelength range (1545-1560 nm). Therefore, we in-
troduce the following EDF figure of merit A to quickly
assess the suitability for LOFA application:

A= (10)
(R(NB320 — (N B3Z0) -
(RN B3Z0 + (N B320) =
(AN BE) — (AN BEZ0)”
where 7(A\)Bg%, is the maximum and A(A)BI%, is

the minimum value of A(A) p2=g in the 1545-1560 nm
wavelength range.

3.2 FOM for WDM applicationé

According to Giles modeling we have,

dP(z, )

2 = (2, )P ) (1)

where

(A 2) = [a(A) + g7 (A)] n2(2) =

with « the absorption in Np/m, g* the stimulated
emission in Np/m, fio the time averaged inversion
coefficient, and é the background loss (Rayleigh
backscatter and impurity absorption in Np/m). If
we define the time and location averaged inversion
fig(z) = %fOL fig(2)dz, with L the Erbium doped
fiber length, we arrive, expressing all parameters in
dB, at the following expression for the gain G

[a(A) + 6(A)] (12)

G(N) = L)) + g*(N)7a(2) —

The required length for a certain gain and inversion
is given by

(a(A) +8)] (13)

G
(a+g*)n2(2) — (e +6)
The difference in required gain at wavelength Ag and

the gain at any wavelength A\, Go — G(}), can be cal-
culated with equation 13 combined with equation 14:

(14)

[2(}) = @)(Ba(2) = 1) +Aa(2)[g"(A)
(a0 + g5)R2(2) — (a0 + 6)

- g0

AG =G
(15)

Of course, one can rewrite Eq.( 15) to resemble the
gain-ripple relative to a certain gain-level. The choice
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must still be made to base the FOM to be defined
lateron on the relative I’ figure or on absolute gain
and ripple figures.

AG _
=%
— a0)](@a(2) — 1) +72(2)[g"(A) — gg]
(a0 + g8)n2(2) — (o + 6)

(16)

[a(A)

We will use equation 15 to analyze how well different
fibers perform with respect to the two criteria men-
tioned in the introduction.
A flat noise-gain profile for a certain input
power/gain requirement. The required gain, which we
will denote by Ga, is determined by the fiber length
L and the inversion 7, (see Eq.( 13)), the profile AG
can be tuned by no(see Eq.( 15)). Therefore we must
find for a certain gain, the value for ny that gives
the best gain-flatness. With this value we can cal-
culate the required fiber length with Eq.( 14)), and
we “only” have to provide enough pump power to
generate the required inversion level.
Easy adjustment for new input power arrangement by
changing the pump power Consider next a change in
total signal input power. If we want that the gain is
not affected by this, we must adjust the pump power
such that the inversion level does not change. Since
the length L is fixed, also the gain profile does not
change if we succeed in providing the right amount
of pump power.
Now, the lower the required 74 is, as determined in
the previous step, the “easier” a pump power adjust-
ment will lead to a new optimum situation.
Therefore, to summarize, for certain Erbium doped
fiber, we have to look for the inversion level that leads
to the flattest noise-gain profile. The lower this in-
version level is, the higher the change is that we can
design a WDM EDFA that can cope with input power
changes.
A good WDM fiber has a ﬂat noise-gain profile over
a large range of wavelength for low average inver-
sion. A figure of merit incorporates those parame-
ters. Therefore, we propose the following FOM for
WDM applications:
_ -1

FOMuyin = (A1 =(),p)) (1)
with AN thc wavclength range for which the gain pro-
file stays within £0.5dB, and 7iz(2),,, the inversion
level that leads to a maximum gain flatness. -

~We will show during the presentation data for FOM

analog and WDM and indicate the correlation be-
tween the two.



4 Conclusions

Measurement methods for single channel “digital”
optical amplifiers are close to standardization. Both
the ESA and OSA methods can be used to get compa-
rable data in principle. Currently under development
are measurement methods that address the specific
parameters for analog and multi-wavelength digital
OFAs. Figures of merit for “analog” and “WDM”
Frhinm doped fibre, have heen presented, and a cor-
relation between the two has been identified.
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FIBER AMPLIFIERS FOR THE SECOND TELECOMMUNICATION WINDOW:
DEVELOPMENT AND CHARACTERISATION

Marcello POTENZA, Tiziana TAMBOSSO
CSELT - Via G. Reiss Romoli, 278, 1-10148 Torino (ITALY)

Abstract Optical amplification in the 1300 nm range is attracting much interest in the
field of Telecommunications today. The present work discusses the realization and the
characterization of a 1300 nm amplifier based on a praseodymium doped fluoride active fibre.

1. Introduction The evolution of transport and access networks would be positively
influenced by the development of Optical Amplifiers (OAs) for the second telecom window.
Even though attenuation is higher at 1300 nm, OAs for the second window would allow - the
upgrading of presently installed systems on G.652 optical fibers as an alternative to the use
of third window systems with Erbium-Doped Fiber Amplifiers (EDFAs), which require narrow
linewidth optical sources and dispersion compensation techniques. The availability of
efficient 1300 nm OAs would also be interesting for subcarrier analogue and d gital video
signal systems and other broadband services in the future assessment of the access’ network.
Semiconductor optical amplifiers (SOAs) are available since several years for application
around 1300 nm. Both bulk and Multi-Quantum Well active layer devices with very good
‘characteristics have been developed [1, 2]. However, the high coupling losses to the
transmission line affecting SOAs and their marked nonlinearities have prevented a
widespread use of these devices 1o compensate for propagation or branching losses in optical
networks. On the other hand, neodymium-doped fiber OAs have been investigated since ten
years, but up to now they have shown rather poor gain characteristics. Since 1991, a new type
of OA for the 1300 nm spectral region, i.e., the Praseodymium-Doped Fluoride Fiber
Amplifier (PDFFA) [3, 4, 5] has been studied and developed. It has been demonstrated to reach
small-signal gains of 30 dB with noise figures around 6-7 dB: a first generation of these
devices is already on the market. '
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Fig. 1 - Set-up of the Praseodymium-Doped Fluoride Fiber Amplifier.

This paper briefly discusses the development of a PDFFA and the system
chiaracierization of the amplifier in teims of 4 transmission experiment and of an evaluation
of possible impairments due to non linear effects. Results obtained so far confirm that such
OAs can represent a viable solution to upgrade presently installed G.652 optical links.

2. Realization of a second window optical fiber amplifier Our laboratories

have set a research project for the investigation and development of optical amplifiers in the
second telecommunication window. In the framework of this project, called SWORD (Second
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Window Optical Repeater Devices), a first result has been the realization of a portable, rack-
sized PDFFA,  the set-up of which is shown in Fig. 1. As described elsewhere [5], the PDFFA
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Fig. 2 - PDFFA gain as a function of the input signal power. From top to bottom, the curves refer to
the following signal wavelengths: 1300, 1310, 1290, 1320 and 1280 nm.

uses a high-NA (0.4), small core (<2 um diameter) fluoride active fiber. Silica glasses cannot
be used as Pr3* hosts because of their high mean phonon energy which makes non radiative
relaxation dominant over radiative processes. The optimum cut-off wavelength is around
840 nm and the Pr3+- jon concentration ranges between 500 and 1000 ppmw in order to
minimize the incidence of cooperative relaxation events. The jointing of the fluoride fiber to
standard fibers is critical as the difference in the glass phase transition temperature between
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Fig. 3- PDFFA noise as a function of the input signal power. From top to bottom, the traces refer to
the following signal wavelengths: 1320, 1310, 1300, 1280, and 1290 nm.

the two matrices makes fusion splicing not viable. The problem can be approached using an
Intermediate Silica Fibre (ISF) having geometrical and optical parameters as close as possihle
to those of the fluoride active fibre [5]. The mechanical coupling ISF/active fibre is made by
gluing the two fibers with UV-curing resin into a quartz capillary tube. Angle-cleaved cuts
(around 25°) are needed in order to prevent the onset of -laser oscillations, since internal
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gains higher than 36 dB are easily obtainable: robustness and reliability of such a joint are
satisfactory. Finally the joint ISF/standard fibre is optimized -by means of the multiple -arc
technique. Unfortunately, the .efficiency -of 'PDFFAs is .much lower than that of EDFAs: a
30dB gain amplifier requires 300 mW pump power around 1017 nm, which is the Pr3*-ion
peak absorption wavelength. However, such -a power cannot be easily reached with presently
available semiconductor lasers. For this reason a detuned pumping with rack-sized Nd:YLF
lasers at 1047 nm wavelength is usually preferred, but.the pump requirements at such a
wavelength are further increased at 600 mW levels. A bidirectional pumping scheme with a
Nd:YLF laser was adopted, as shown-in Fig. 1.
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rig. 4 - BER performance of the'PDFFA booster aver 100 km G.652 fiber transmission.

Best results obtained so far (A=1300 nm) are msemon Ioss 11.4 dB, net gain 27.6 dB (-30 dBm
signal input) and saturation power 14 dBm (-6 dBm input). The noise figure is around 7 dB,
2dB of which are due to input coupling losses: these could be greatly reduced using an ISF
more similar to ‘the fluoride fiber (the presently used ISF has NA= 0.32). Figs. 2 and 3 show
gain and noise versus input power for the. SWORD 2.2g PDFFA amplifier, at different signal
wavelengths. Using two pump sources, the device reaches an output power of nearly 20..dBm.

3. Characterisation of the PDFFA The system characterization of the PDFFA has
been made in a digital transmission experiment. A standard DFB laser emitting at 1311 nm
was directly modulated ‘at 2.5 Gbit/s with a 2311 PRBS. This source injected a -2.5 dBm
signal into - the PDFFA, corresponding to a 13 dBm signal output power. A 100 km span of
G.652 fiber ‘was used for the transmission .experiment, with the SWORD 2.2g amplifier
boosting the source signal. Light was detected using a p-i-n FET receiver with a -32.5 dBm
sensitivity at a 10° BER in back-to-back configuration, see Fig. 4. When using the booster
followed by a variable optical attenuator simulating the transmission span, no penalty. is
observed with" respect to the direct source-receiver coupling: Fig. 4 shows that in the actual
experiment, the BER penalty is limited to 0.5dB with respect to back-to-back configuration.
This result confirms the viability of using such PDITAs for the upgrade of alrcady installed
G.652 optical links. The capability of reducing coupling losses at the input of the PDFFA
below the present 2 dB value, also shows that this result can still be improved.
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When  transmitting  high power signals over long distances, it is possible that
nonlincar cffects could produce transmission impairments. That is the reason why work is in
progress 1o compare non linearities in the second and third window. Because of its lowest
threshold, stimulated Brillouin scattering was investigated first. A threshold of 8-9 mW was
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Fig. 5 - Brillouin effect threshold.

found for both an external cavity tunable semiconductor laser and the DFB laser previously
used for the transmission experiment. These figures are quite similar to those reported -at
1550 nm. Further measurements are in progress concerning the efficiency of four-wave-
mixing in the second window, the results of which will also be presented at the symposium.

4. Conclusions Until few years ago, only SOAs were available for 1300 nm telecom
applications. Their advantages were known and employed in logical and in signal elaboration
applications, and for optical loss compensation in integrated optic circuits. On the other
hand, their strong nonlinearities affected applications in line amplification and multichannel
systems. Now, second window OFAs seem to have reached a certain maturity and a first
generation of such devices is already available on the market. The development of sufficiently
intense semiconductor lasers for peak absorption LD pumping of PDFFAs would be a key topic
for the realization of a second generation of such amplifiers, able to upgrade presently
installed G.652 optical links and to promote a balanced evolution of the optical network.
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during the preparation of this work.
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Introduction

For different applications in the large field of measurement technique it would be very
useful to have powerful and broadband light sources because the available white light
sources often don’t have enough power to solve the measurement problem. In some
wavelength regions (0.85 pum, 1.3 um) such sources already exist. Mostly these are
semiconductor laser diodes which work below their laser threshold or superluminescence
diodes. In the 1.55um region a very simple solution was found some years ago. Using an
Er-doped fiber amplifier without any input signal (noise source) it is very easy to create a
broadband and powerful light source for this wavelength. The same is possible for the
Nd:YAG-region of 1.06 um by using Nd-doped fibers as was experimentally shown by Liu
et al. [1]. , _ .

In context with the development of silica based, Nd-doped double-clad fibers for the
application in high-power fiber lasers [2] we have investigated the spectral behaviour of the
emission in the wavelength region around 1.06 um in the nonresonant and the partly
resonant case, respectively. '

As an result we present a light source based on a specially designed rare-earth doped fiber
with a spectral bandwidth of more than 5 nm and a peak power of more than 1 mW in the
nonresonant single-pass gain regime.
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Setup

The principal approach for the investigation of the superfluorescence light source can be
seen in figure 1.

For pumping the Nd-doped fiber we used a Peltier-cooled (TEC) laser diode with FC-
connector at 810 nm emission wavelength and a maximum output power at the end of a
multimode fiber pigtail (length: 2.5 m; diameter claddmg/core 140 /125 um) of 800 mW
from SIEMENS AG (Typ 487406).

The Nd-doped double-clad silica fiber under test was manufactured in our laboratory. The
first cladding surrounding the Nd-doped monomode core is a pure silica core with a
diameter of 130 um and a numerical aperture (NA) of 0.38. The second cladding is a
silicon rubber with a low refractive index. The Nd-concentration amounts to 1300 ppm and
the fluorescence lifetime 430 us.

The pump light is coupled into the active fiber by a fiber-fiber coupling with the help of a
3-axes fiber launch system.

The spectral behaviour was measured by a PC-controlled optical spectrum analyser (OSA)
in dependence on the fiberlength, the reflectivity at the fiber endfaces and the pump
power.

fiber pigtail Nd-doped fiber
LD O , O OSA
3D fiber-fiber
coupling
power supply
- +TEC - . |- PC
Figure 1: Setup scheme of the supeiﬂuorescence light source
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Results

First of all we measured the superfluorescence spectra (ASE) in forward and backward
direction in the single-pass gain modus depending on the pump power and compared these
results with our numerical simulations using the relaxation method [3].

=igure 2 shows a typical spectrum of the superfluorescence light source. In this case the
peak power is around 2 mW and the spectral bandwidth (FWHM) is 6 nm. The spectral
resolution of the spectrum analyzer is 0.5 nm.
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Figure 2: Spectral behaviour of a superfluorescence light source at 1.06 um, fiber

length : 70 m

In addition, we measured the dependence of the output power and the spectral bandwidth
on the fiber length. We investigated different lengths between 10 and 70 m. .

In figure 3 we demonstrate the dependence of the spectral bandwidth on the pump power in
the nonresonant case. It can be easily seen that the bandwidth drops down with increasing
pump power. When the laser threshold is reached the source begins to lase and the
broadband continuous spectrum changes to a typical mode spectrum of a laser Hence, the
spectral bandwidth decreases to the bandwidth of the single modes.

Following these measurements in the single-path gain regime the reflectivity at the
outcoupling end of the fiber was increased step by step. At first we cut the fiber endfaces
without any angles (reflectivity 4%) and then we used dichroic mirrors with a high
reflectivity for the pump light and a partially reflecting (24-76%) for the signal wavelength.
This way we approached ‘a double-pass gain device.

The output power increased step by step to several 10 mW, whereas the spectral bandwidth
decreases slowly. Detailed results will be demonstrated at the conference.

In a first application we used the superfluorescence light source for the online control and
characterisation during the manufacturing of fiber Bragg gratings at 1.06 um.
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Figure 3: Dependence of the spectral bandwidth on the pump power

Conclusion

In conclusion we developed a powerful and broadband superfluorescence light source in the
very interesting wavelength region of 1.06 um using a Nd-doped double-clad silica fiber.
We presented experimental results on the behaviour of the light source, characterizing the
linewidth and output power w1th variations in pump power, fiber length and reflectivity at
one fiber end.

In principle, this technique can be used for the telecommumcatmn wavelengths too by
substituting the rare earth element Neodymlum by Praseodymlum and Erbium,
respectively. :

We have shown that this 11ght source is a useful instrument for the online control dunng the
manufacturing of fiber Bragg gratings.

Some further applications for this kind of light source exist in the field of measurement
technique and especially in-the field of fiber sensors (e.g. gyroscopes).
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Abstract: We present gain and noise figure measurement results from an EDFA round-robin
using the OSA methods. This round-robin was performed in the framework of COST 241,

-1. Introduction

~ COST 241, “Characterization of Advanced Fibers for the new Photonic Networks”, working

- group 3, study group 2,”Fibre Amplifier Engineering”, is currently performing an EDFA
round-robin among the participants of this group. After some initial evaluation of the
inticacies of such a round-robin [1], we started to use an AMOCO 17 dBm optical amplifier
for the round-robin. This device, besides being extremely sturdy, shows a rather peculiar
wavelength characteristic and is therefore very well suited to evaluate the various
measurement methods for gain and noise figure, as they are currently evaluated. In the present
round-robin, we have restricted ourselves to the “optical” measurement methods.

2. Measurement methods

Along with the Round-Robin module, copies are supplied of the IEC documents that describe
the measurement methods for gain and noise figurc. In particular: IEC SC 86C/WG3
documents 1290-1-1 (Gain by OSA) [2] and 1290-3-2, (Noise by OSA) [3] are of relevance
for this round-robin. Next we will shortly describe these measurement methods.

Gain by OSA: the optical source can be either a fixed wavelength optical source (DFB, DBR,
External Cavity Laser or a LED with optical filter) or a. wavelength tunable optical source. In
the calibration step, the optical powers entering the Device Under Test (DUT) are calibrated
against an optical power meter. Read-outs from the Optical Spectrum Analyzer (OSA) are
aligned with these data. The OSA can now be used for calibrated optical power _
measurements. The gain is defined as output power minus input power, with corrections for
the Amplified Spontaneous Emission (ASE).

Noise Figure by OSA: The noise figure, NF, basically, is an “clectrical” parameter, since it is

by definition the input Signal-to-Noise Ratio (SNR), divided by the output SNR, assuming a
shot noisc limited signal sourcc. Howcever, thcorctica]]y, it can be shown that, at least in the
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small signal regime, the NF can also be determined by optical means, by measuring the ASE-
level in a certain optical bandwidth B, and by measuring the gain G. The signal-spontaneous
beatnoise contribution to the NF can then be calculated by NF=ASE/(hvGB).

To determine the ASE level, currently three methods exist:

o interpolation: the ASE curve around the signal wavelength is measured and a curve fit is
applied to the data; the value of the fit at the signal’s wavelength is taken as the ASE value
for the NF calculation. The disadvantage of this method is that the measured curve is a
superposition of the ASE and the amplified Source Spontaneous Emission (ASSE),
therefore one has to correct for the ASSE.

® polarization nulling: the polarized signal component is filtered from the total optical signal
from the DUT, leaving the ASE perpendicular to the signal and its ASSE to b